Highlights  Treatment of dimetridazole, a biorecalcitrant antibiotic, by a coupling process  Improved selectivity for the electroreduction of dimetridazole into its amino derivative  Enhancement of the biodegradability by catalytic reduction with titanocene  Efficiency of the coupling process with high mineralization yields ABSTRACT Two different electrochemical reduction processes for the removal of dimetridazole, a nitroimidazole-based antibiotic, were examined in this work. A direct electrochemical reduction was first carried out in a home-made flow cell in acidic medium at potentials chosen to minimize the formation of amino derivatives and then the formation of azo dimer. Analysis of the electrolyzed solution showed a total degradation of dimetridazole and the BOD5/COD ratio increased from 0.13 to 0.24. An indirect electrochemical reduction in the presence of titanocene dichloride ((C5H5)2TiCl2), which is used to reduce selectively nitro compounds, was then investigated to favour the formation of amino compounds over hydroxylamines and then to prevent the formation of azo and azoxy dimers. UPLC-MS/MS analyses showed a higher selectivity towards the formation of the amino compound for indirect electrolyses performed at pH 2. To confirm the effectiveness of the electrochemical reduction, a biological treatment involving activated sludge was then carried out after direct and indirect electrolyses at different pH. The enhancement of the biodegradability was clearly shown since mineralization yields of all electrolyzed solutions increased significantly.
column was performed with a gradient of phase A/phase B at 400 µl/ min -1 . The starting eluent composition consisted of 0% A / 100% B for 1 min then the proportion of solvent A increased linearly to reach 100% in 8 min and then returned to the initial conditions in 3 min.
A Quattro Premier triple-quadripole mass spectrometer (Manchester, UK) was used for byproducts detection. It was operated with an electrospray source in positive ionisation mode with a cone potential of 25 V. Source conditions were capillary voltage 3kv, source temperature 120°C and desolvation temperature 350°C. The cone and desolvation gas flow (N2) were 50 and 750 L h -1 , respectively. Analyses were performed in full scan mode and spectra were acquired between 90 and 500 m/z. The acquisitions were made in SIR mode for the following m/z: 112, 142, 219, 235 and data were treated with Micromass MassLynx 4.1 software.
High pressure liquid chromatography (HPLC)
DMZ concentration was measured by HPLC using a Waters 996 system equipped with Waters 996 Photodiode Array Detector and Waters 600 LCD Pump. The separation was achieved on Waters C-18 (4.6 mm × 250 mm; 5 µm) reversed-phase. The mobile phase consisted of a mixture of acetonitrile/ultra-pure water (5/95 , v/v) + 0.1% formic acid. The flow rate was set at 1 ml min -1 and 20 µL injections were considered. The detection of DMZ was carried out at 320 nm and the retention time was approximately 1.4 min.
Total organic carbon (TOC)
TOC was measured by means of TOC-VCPH/CPN Total Organic Analyzer Schimadzu as previously reported [27] . of incubation at 20 ± 1°C in the dark according to the method of Winkler EN25813 -G21 by photometric evaluation of iodine colour [33] .
Results and discussion
3.1 Cyclic voltammetry analysis of dimetridazole 3.1.1 Electrochemical behaviour of dimetridazole in 0. 5 
M H2SO4
Cyclic voltammetry was used to investigate the electrochemical behaviour of DMZ (100 mg L -1 ) on a glassy carbon electrode in acidic medium (0.5 M H2SO4). As presented in Fig. 1 , the voltammogram showed a single reduction peak of DMZ at -0.35 V/SCE. This peak was attributed to the four-electron reduction of nitro group of the heteroaromatic nitro compound to the corresponding hydroxylamine derivative according to the following equation (Eq. (3)) [34] .
Whereas the reduction of hydroxylamine into amine is known to happen in strong acidic medium, no peak corresponding to this reduction process (Eq. (4)) was observed on the voltammogram, probably hidden by hydrogen evolution occurring at low negative potentials on glassy carbon electrode in acidic medium [35] .
Electroreduction of DMZ at different pH
Electrochemical reduction of DMZ is a complex process; indeed, the mechanism of nitro group reduction depends on the nature of the electrode and the medium (solvents, supporting electrolyte and pH) [36] . Cyclic voltammetry was used to investigate the effect of pH on the electrochemical reduction of DMZ (100 mg L -1 ) on a glassy carbon electrode. As presented in Fig. 2 , when the initial pH increased from 0.3 (0.5 M H2SO4) to 3 by adding NaOH solution, the reduction potential of DMZ decreased from -0.35 to -0.55 V/SCE. This is consistent with the mechanism of reduction of the nitro group into hydroxylamine (Eq. (3)) involving four protons and four electrons (-60 mV/pH). However, a decrease of the peak was observed at pH 3, which can be attributed to a poor solubility of DMZ in this medium [37] .
Direct electrolysis of DMZ
Direct electrolysis of DMZ (100 mg L -1 ) was carried out in acidic medium H2SO4 (0.5 M) in a flow electrochemical cell, at a flow rate of 1 mL min -1 . The media was constantly saturated with argon to avoid any influence of the dissolved oxygen. To minimize the formation of amine (and then the formation of azo dimer) usually occurring at the potential of hydrogen evolution, a low negative potential (-0.45 V/SCE) was considered.
DMZ degradation
After a single pass through the flow cell, electrolyzed solution was analyzed by UPLC to measure the residual concentration of DMZ. UPLC analysis showed a disappearance of DMZ (conversion yield = 99.5%). To examine by-products formation, the electrolyzed solution was Direct electrolysis of DMZ (100 mg L -1 ) was also investigated in acidic medium H2SO4 (0.5 M) at less negative potential (-0.3 V/SCE). Analysis by UPLC showed a low conversion yield (76.09%) and UPLC-MS/MS indicate that the formation of amine 2 and azo dimer 3 still occurred.
Biodegradability evaluation
In order to assess the biodegradability of both DMZ (100 mg L -1 ) and its electrolyzed solutions, BOD5 and COD values were measured. An effluent can be considered as easily biodegradable if its BOD5/COD ratio exceeds 0.4 [36] . As presented in Table 2 , this ratio increased from 0.13 before electrolysis to 0.24 after electrolysis, showing an increase of the effluent's biodegradability. Even if the limit of biodegradability was not reached, its increase indicated that a biological treatment after the electrochemical reduction could be envisaged.
Indirect electroreduction of dimetridazole
Indirect electroreduction of dimetridazole was performed with a titanocene complex used as catalyst. Indeed, titanocene dichloride is known to undergo spontaneous hydrolysis in acidic medium giving rise to the oxidized form of the catalyst (C5H5)2Ti(OH2)2 2+ [38, 39] . It can then be electrochemically reduced into its active form (C5H5)2Ti(OH2)2 + (Eq. (5)).
(C5H5)2Ti(OH2)2 + is able to perform a six-electron reduction of nitro compounds without the formation of a hydroxylamine intermediate as occurring in direct cathodic reduction (Eq. (6)).
Catalytic activity of titanium complex at different pH
In the presence of the titanocene complex, a competition between direct and indirect reduction of DMZ occurred as it can be clearly seen by cyclic voltammetry. Indeed, as presented in Fig. 3a, voltammograms showed a reversible system corresponding to Ti IV/III at -0.45 V/SCE and a reduction peak of DMZ at -0.3 V/SCE, corresponding to the formation of hydroxylamine. The catalytic activity of titanocene complex was evidenced by addition of increasing concentrations of DMZ enhancing the reduction peak while the reverse anodic peak decreased. To check if it is possible to favour the catalytic reduction over the direct process and so to decrease the amount of hydroxylamine formed at the electrode, the influence of pH on both reduction processes was studied. Cyclic voltammetry of titanocene complex in the presence of DMZ was carried out at increasing pH until 3, since the complex is known to be stable in strong acidic medium (pH < 4), whereas it loses a cyclopentadienyl group at neutral pH [38] . The increase of pH strongly influenced the reduction potential of DMZ as seen in Fig. 2 , but not those of titanocene (Eq.
(5)). Thus, the DMZ reduction peak was shifted in negative potentials close or lower to the reduction potential of titanocene ( Fig. 3 b, c, d). Thus, indirect reduction of DMZ should be favoured at less acidic pH.
Degradation of DMZ by indirect electrolysis
Indirect electrolysis of DMZ (100 mg L -1 ) in the presence of titanocene (20 mg L -1 ) was carried out at -0.45 V/SCE in the flow electrochemical cell at pH = 2 to assure a good solubility of DMZ in the medium and limit direct electrolysis leading to the formation of hydroxylamine intermediates. A comparison was made with the same experiment performed at pH = 0.3. Flow rate was fixed at 1 mL min -1 and the media was constantly saturated with argon to avoid any influence of the dissolved oxygen. UPLC analyses showed a total degradation of DMZ after a single pass through the flow cell for both pH (conversion yield > 99.9%). UPLC-MS/MS analyses were performed to compare electrolyses performed at pH = 0.3 and 2 and showed the presence of the same five by-products previously observed for direct electrolysis (Fig. 4 ). Thus, a competition reaction with direct electrolysis occurred at both pH.
However, the selectivity of the reduction of DMZ in the presence of titanocene dichloride at pH = 2 was clearly highlighted by comparison of the peak intensity corresponding to the protonated amine (MH + 112) ( Fig. 4 a) . Indeed, the high intensity of the peak at pH = 2 evidenced the effect of pH on the selectivity of the reaction favouring indirect electrolysis over direct reduction.
However, a competition with direct electrolysis still occurred at pH=2, as shown by the presence 2)) and a slight increase of the amount of azo derivative ( Fig. 4 b) , probably due to the high amount of amine in the medium (Eq. (1)).
Biological treatment
In order to confirm the effectiveness of the electrochemical reduction prior a biological treatment, activated sludge culture of pure DMZ (100 mg L -1 ) and electrolyzed solutions in the absence and in the presence of titanocene (20 mg L -1 ) at pH 0.3 and 2 were performed. The first step of a biological treatment consists to check for possible biosorption on activated sludge. Since biosorption is a rapid phenomenon, it can be observed during few hours. Thus, measurements of the residual concentration of DMZ were monitored during the first 4 hours of activated sludge culture.
As displayed in Fig. 5 , the disappearance of DMZ remained low (it did not exceed 10% removal), showing that DMZ was only slightly biosorbed on activated sludge.
Biological treatment was then carried out by means of activated sludge in which TOC were 48.2%), which was most likely biorecalcitrant, was not taken into account in the TOC amount, mineralization yields for indirect electrolysis would be most certainly significantly higher. The biorecalcitrance of titanocene, even after 20 days of activated sludge culture, should be checked to confirm this assumption and hence to determine the actual mineralization yields.
Conclusions
In this work, the feasibility of coupling an electroreduction pretreatment prior to a biological process for the removal of dimetridazole was investigated. Direct electrolysis was first carried out at low potential to minimize the formation of amino derivatives and then the formation of Thus, the immobilization of the catalyst on the surface will be considered in further work to avoid this bias and hence to improve the total mineralization yield. Voltammograms were recorded at 100 mV s -1 . 
Table 1
Physico-chemical properties of dimetridazole (DMZ).
In recent years, electrochemical oxidation/reduction of recalcitrant pollutants coupled to biological treatment has been considered as an alternative process. These former techniques rarely lead to a total mineralisation, which is particularly interesting for a coupling with a biological treatment. Several studies reported the efficiency of these electrochemical pretreatment for the removal of recalcitrant molecules such as phosmet an organophosphorous insecticide [25] , a chlorinated phenoxy herbicide 2,4-dichlorophenoxyacetic acid [26] and extensively used antibiotics such as sulfamethazine [27] and tetracycline [28] . More recently, the coupling of an electrochemical reduction process (direct/indirect) with a biological treatment has been reported for the removal of metronidazole, a nitroimidazole antibiotic of the same family as dimetridazole [29] . These compounds contain nitro groups, which are known to reduce the biodegradability of the molecule [30] . The reduction of nitro groups into amino compounds should increase the biodegradability allowing a rapid and efficient biological treatment. However, direct electrochemical reduction of NO2 is known to go through hydroxylamine intermediates responsible for the formation of azo and azoxy dimers by reaction with their amino (Scheme 1, Equation 1) and nitroso (Scheme 1, Equation 2) derivatives, respectively [29] .
Scheme 1. Formation of azo and azoxy dimers
Indirect electrochemical reduction of metronidazole [31] has been investigated in the presence of titanocene dichloride ((C5H5)2TiCl2), known as catalyst for the selective reduction of nitro groups into amino compounds. Titanium complex allowed a reduction process at less cathodic potential and could offer higher selectivity than direct electrolysis, decreasing the amount of by-products due to the formation of hydroxylamine intermediates. Thus indirect electrolysis coupled with a biological treatment led to an improvement of biodegradability, since 85% of the total organic carbon was removed, underlining the interest of the NO2 reduction to improve biodegradability [29] . However, the formation of dimers due to a competition reaction with direct electrolysis still occurred that prevented total mineralization.
In this work, the method was extended to dimetridazole with the aim to reduce the nitro derivative into more biodegradable by-products before implementing a biological process. The intention was to reduce the formation of azo and/or azoxy dimers and evaluate the biodegradability of such electrolyzed solutions. For this purpose, two different ways were investigated i) A direct electrochemical reduction carried out at low potentials to avoid the formation of amino derivatives and then the formation of azo dimer. ii) An indirect electrochemical reduction performed at different pH to favour the formation of amino compounds over hydroxylamines in order to prevent the formation of azo and azoxy dimers.
For both direct and indirect electrolyses, by-products were identified and biodegradability was determined.
Materials and methods

Chemicals and materials
Dimetridazole (DMZ -purity > 97%) and titanocene dichloride (C5H5)2TiCl2 were obtained from TCI (Tokyo Chemical Industry). H2SO4 (purity 95%) was purchased from VWR (Van Water & Rogers). Graphite felt (Recycled Vein Graphite RVG 4000) was supplied by Mersen (France). Its specific area measured by the BET (Brunauer, Emett and Teller) method, its volume density and its carbon content were 0.7 m 2 g -1 , 0.088 g cm -3 and 99.9%, respectively.
Materials for electrochemical pretreatment
Electrochemical pretreatment, in continuous system, was performed in a home-made flow cell [32] . 
Biological treatment
Activated sludge used in this study was obtained from a local wastewater treatment plant (Rennes Beaurade, France). To remove any residual carbon and mineral source, the sludge was washed five times with tap water and distilled water and centrifuged at 3000 rpm for 10 min.
Cultures were carried out at least in duplicates at 25°C in 500 mL Erlenmeyer flasks containing 250 mL of medium with 0.5 g L −1 of activated sludge. 
Analytical procedure
